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A great earthquake of Mw 9.0 occurred on March 11, 2011 off the coast of Tohoku region, Northeast Honshu,
Japan. Strong ground motions from the earthquake were recorded at 4 stations of a small seismic array, with an
aperture of about 500 m, located 120 km away from the epicenter. Peak ground acceleration exceed the full scale
of 2g on the horizontal components, and was larger than 1g even on the vertical component. Two prominent bursts
and at least two following smaller bursts are identiﬁed on the strong-motion records which lasted for longer than
200 s. We have performed semblance analysis to estimate the rupture propagation during the earthquake using
coherent seismograms at frequencies of 0.5–2 Hz. The rupture seems to consist of at least four stages. Rupture
propagated in a northerly direction in the beginning 50 s forming the ﬁrst burst, then proceeded to the southwest
from the epicenter in the next 50 s during the second burst. The rupture further extended southwests in the
following 40 s, and ﬁnally migrated to the south for about 30 s. A small seismic array makes it possible to
observe rupture propagation during a large earthquake even with a small number of stations.
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1. Introduction
On March 11, 2011, the 2011 off the Paciﬁc coast of To-
hoku Earthquake of Mw 9.0 (hereafter called the Tohoku-
Oki earthquake) took place at a depth of about 24 km on
the plate boundary where the Paciﬁc plate subducts west-
ward beneath the North American plate. The epicenter de-
termined by the Japan Meteorological Agency (JMA) was
located at 38.103◦N and 142.861◦E as shown by a solid
star in Fig. 1(a). A thrust-type fault model composed of
two subfaults was proposed to explain the observed geode-
tic data by the Geospatial Information Authority of Japan
(GSI) (GSI, 2011) as shown by thick solid rectangles in
Fig. 1 (a). The average slip of the model is 27.7 m and 5.9 m
on the northern and southern subfaults, respectively. The
earthquake caused severe ground motions with the largest
intensity of 7 on the JMA scale as well as large tsunamis
exceeding 10 m in height. Casualties and missing persons
exceeding twenty thousand were reported as of the end of
March, 2011. However, the full extent of the disaster is not
yet clear.
Off the coast of Miyagi prefecture, so-called Miyagi-
Ken-Oki earthquakes, having almost the same magnitude
(M) of about 7.5, have repeatedly occurred during the last
two centuries with the last event taking place on June 12,
1978. The likely source regions of expected earthquakes
are identiﬁed as three regions (two ellipses and a rectangle)
enclosed by thin dotted curves in Fig. 1(a) (the Headquar-
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ters for Earthquake Research Promotion (HERP), 2005). In
order to record strong ground motions from expected earth-
quakes, we have been operating, since April, 2004, a small
seismic array (hereafter called the Oshika array) compris-
ing 7 strong-motion seismographs with an aperture of about
500 m at the tip of the Oshika peninsula (shown by a solid
triangle in Fig. 1(a)).
The Tohoku-Oki earthquake is by far larger than expected
earthquakes. Strong ground motions were recorded at 4 sta-
tions (solid triangles in Fig. 1(b)) in the Oshika array, which
is located about 120 km to the west-north-west of the epi-
center. Taking advantage of the small seismic array, we
were able to track rupture propagation by a phased array
analysis (e.g. Spudich and Cranswick, 1984; Goldstein and
Archuleta, 1991; Ishii et al., 2005; Honda et al., 2008). In
this paper, we report preliminary results of the array analy-
sis, and provide direct evidence for the rupture propagation
during the earthquake.
2. Strong-Motion Data at the Oshika Array
At each station of the Oshika array, a strong-motion in-
strument, the Kinemetrics Altus-K2, is installed on a con-
crete base. The Altus-K2 has an analogue-to-digital con-
verter with a resolution of 24 bits and a ﬂat frequency re-
sponse between DC to 40 Hz. The site is located in a pas-
ture. Though the geological structure of the site is identiﬁed
as a volcanic rock in Mesozoic (early Cretaceous andesite
and dacite tuff-breccia and tuff) (Editorial Committee of the
Geologic Atlas of Japan, 1992), the shallow structure is not
known since no geotechnical or geophysical logging and
borehole investigations have yet been undertaken. For more
details, we refer to Nakahara et al. (2006).
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Fig. 1. (a) The location of the Oshika array (solid triangle) and the
epicenter of the Tohoku-Oki earthquake (solid star). The gray star is
the epicenter of the 9 March, 2011, earthquake. The Japan Trench is
shown by a solid curve. The two rectangles drawn with thick solid
lines are two subfaults proposed from geodetic observations by GSI.
The three regions enclosed by thin dotted curves are the candidate
source regions of the expected Miyagi-Ken-Oki earthquake by HERP.
Back-azimuths from the Oshika array are shown by radial lines. A
linear fault with a strike of 202◦ is assumed and shown by a thick
line, beside which distances are written. The reference point from
which the distance is measured is located at 38.145◦N and 142.544◦E.
(b) Conﬁguration of the Oshika array. This map is overwritten on
the enlarged 1:25,000-scale topographical map of ‘Kinkasan’ issued
by GSI. There are seven stations constituting the array. A number
is attached to each station as shown on the map. Stations with solid
triangles were operational at the time of the Tohoku-Oki earthquake.
Strong ground motions from the Tohoku-Oki earthquake
were recorded at four stations of the Oshika array with a
sampling rate of 100 Hz. The other three stations (shown by
open triangles in Fig. 1(b)) were not working due to a mal-
functioning of the instruments. In Fig. 2, we show accelera-
tion records for 220 s on east-west (EW), north-south (NS),
and vertical (UD) components observed at station OSK2,
which is located at 38.27708◦N, 141.51656◦E, and an el-
evation of 46 m. Time of 0 s on the records is 14:46:24
on March 11, 2011 (Japan Standard Time (JST) = Univer-
sal Time + 9 hours). The earthquake origin time was esti-
Fig. 2. Acceleration records 220 s long on the EW, NS, and UD compo-
nents at station OSK2 are shown from top to bottom. Eastward, north-
ward and upward motions are positive. Time of 0 s on the records is
14:46:24 on March 11, 2011 (JST).
mated to be 14:46:18.12 JST by JMA. P-wave and S-wave
onsets are at about 15 s and 30 s on the record, respectively.
Large-amplitude motions continued for as long as 200 s af-
ter the S-wave onset. Two prominent bursts are found at
about 40 s and 90 s with durations of a few tens of seconds.
At least two additional small bursts are also identiﬁed at
140 s and 170 s. Peak ground acceleration (PGA) is large
enough to exceed the full scale of 2g (g denotes the grav-
itational acceleration) on the horizontal components. Even
the UD component shows a PGA larger than 1g.
3. Semblance Analysis for Estimating Rupture
Propagation
The conﬁguration of the four stations form a quadran-
gle. Absolute time was maintained by the Global Position-
ing System. Coherence of seismograms for any pair of sta-
tions in the array is known to be high for the frequencies
lower than about 2.5 Hz (Nakahara et al., 2006). Therefore
we can perform a seismic array analysis to estimate rup-
ture propagation during the earthquake at frequencies lower
than about 2.5 Hz. Such a study requires a small seismic ar-
ray with station separations smaller than a quarter of wave-
length studied, because waveform coherence is used. As
a measure of the waveform coherence, we use semblance
(Neidell and Taner, 1971). Maximizing semblance, we can
estimate back-azimuth and horizontal slowness, which is
the reciprocal of apparent velocity and is related to incident
angle, of the incident phases.
For the calculation of semblance, a frequency band of
0.5–2 Hz is selected. The upper frequency is limited due
to the waveform coherence. The lower frequency limit is
partly restricted by the signal-to-noise ratio, and this is high
down to about 0.05 Hz for the Tohoku-Oki earthquake. In
order to track the rupture propagation, however, we need
to use high-frequency waves, because they are theoretically
considered to be generated at the rupture front due to its
acceleration or deceleration (e.g. Madariaga, 1977). It is
not easy to deﬁne the high frequency objectively. Here,
we use a frequency band higher than 0.5 Hz. Even if we
change the lower limit to be between 0.1 Hz and 1 Hz, the
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Fig. 3. Results of the semblance analysis. (a) UD-component acceleration records in the 0.5–2 Hz band are shown. (b) Semblance, back-azimuth, and
horizontal slowness are shown from top to bottom.
results relating to the rupture propagation do not change so
much. We set a time window of 10.24 s for the calcula-
tion of semblance in order to obtain a global image of the
rupture propagation. At each station, a starting time of the
window is adjusted according to a time shift expected for a
plane wave propagating over the array with a given back-
azimuth and slowness. We look for a back-azimuth and a
slowness which maximize semblance by changing them in
steps of 1◦ and 0.01 s/km, respectively. Sliding the time
window by 2.56 s, we repeat the calculation. Though travel
times should be corrected for differences in the subsurface
structure and topography of each station in the array, we
do not include such corrections in this analysis. This is be-
cause these corrections have not been estimated, but, even
so, the back-azimuths of the P-wave and S-wave onsets are
almost matched by the direction to the epicenter determined
by JMA.
We use only the UD component for the semblance analy-
sis, because the horizontal components were clearly clipped
and probably distorted. Acceleration records of 200 s long
are shown in Fig. 3(a). A direct S-wave from the hypocenter
arrives at a time of 30 s. The obtained semblance values are
higher than 0.8 for most of the waveforms as shown in the
top panel of Fig. 3(b), suggesting that the observed phases
are coherent. At times around 40 s, the semblance value
decreases to 0.66. This is because the waveform at OSK2
might be clipped and distorted at this time. However, the
semblance value of 0.66 is still high enough to accept.
In Fig. 1(a), back-azimuths from the array are drawn on
the map. The back-azimuth for the S-wave onset at times of
around 30 s is estimated to be about 80◦. On the other hand,
the back-azimuth of the epicenter determined by JMA is
99◦. Therefore, our estimation of back-azimuths may have
a bias error of about 20◦ maximum.
After the S-wave onset, back-azimuths remain at about
90◦–105◦ for about 10 s and decrease to 54◦ in the following
40 s. This suggests that the rupture mainly propagated in
a northerly direction forming the ﬁrst burst. During the
second burst, which occurs at times of about 90–120 s,
back-azimuths almost range from 90◦–130◦ indicating that
the rupture moved to the southwest. Back-azimuths are
about 170◦ and 190◦ for the other smaller bursts at times
of about 140 s and 170 s, respectively, indicating that the
rupture extended southwards.
The bottom panel of Fig. 3(b) shows the estimated hor-
izontal slowness. Most of the slownesses are estimated
to be 0.1–0.2 s/km. This suggests that the phases we an-
alyzed consist of body waves, rather than surface waves
which should be represented as much larger slowness. The
slowness can be used to discriminate the depth of a location
where the corresponding phase is emitted. For that purpose,
we need to assume a seismic velocity structure and to iden-
tify incident phases to be P- or S-waves carefully. Because
this paper aims to quickly report preliminary results on the
rupture propagation, we only use back-azimuths as shown
in Section 4.2 without assuming a seismic velocity struc-
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Fig. 4. Snapshots of semblance in slowness space. The results for three time windows centered at 30.24 s, 122.40 s and 201.76 s are shown from left to
right. Semblance values are represented by contours with an interval of 0.02. Crosses show the location of the highest semblance value. N, S, E, and
W indicate north, south, east and west directions.
ture.
In Fig. 4, we show semblance values in slowness space
for three time windows centered at 30.24 s, 122.40 s and
201.76 s. The shape of the contours are like ellipses elon-
gated slightly in the north-south direction. This is because
the linear dimension of the array is slightly smaller in the
north-south direction. We note that the location of the max-
imum semblance changes with time. The semblance con-
tours are as expected for a single phase arrival, even for
later time intervals, suggesting that the main energy arrives
from one direction.
4. Discussions
4.1 Analysis of the March 9 earthquake
We also recorded strong ground motions from the March
9 earthquake (Mj 7.3), whose hypocenter was located by
JMA to be 38.328◦N, 143.280◦E, at a depth of 8.3 km. The
epicenter (a gray star in Fig. 1(a)) is situated about 45 km
to the northeast of that of the Tohoku-Oki earthquake. This
earthquake might be a foreshock. We similarly estimate the
rupture propagation of the March 9 earthquake by applying
the semblance technique. The analysis of this event also
plays an important role to provide a calibration of the array
for local seismic velocity structure. Figure 5(a) shows UD-
component acceleration records in the 0.5–2 Hz band. It is
notable that the amplitude is smaller by more than one order
of magnitude than the Tohoku-Oki earthquake. The P-wave
onset is found at about 15 s, and the S-wave onset at about
35 s in the ﬁgure. According to Fig. 5(b), back-azimuths
are estimated to be about 80◦ at the both onsets. This value
almost corresponds to 87◦ of the epicenter. We also note a
difference in horizontal slowness between 0.14 s/km at the
P-wave onset and 0.23 s/km at the S-wave onset. During
larger amplitude motions between 35–50 s, back-azimuths
stay between 55◦ and 80◦. This suggests that the phases
come from the fault. But after that, the back-azimuth starts
to vary so much that they are out of range on the plot: Back-
azimuths at times of 75–85 s become 340◦–350◦ suggesting
that the phases are incident on the array from the northwest.
These phases are probably scattered from heterogeneities
in the Earth. On the other hand, it is remarkable that such
a large variation in the back-azimuth is not found for the
Tohoku-Oki earthquake as shown in Fig. 3. Therefore, it
is reasonable to suppose that the observed phases come
directly from the fault planes, and that we correctly observe
rupture propagation during the Tohoku-Oki earthquake.
Fig. 5. Results of the semblance analysis for the March 9 earthquake.
Time scale is the same as Fig. 3. The time of 0 s on the records
is 11:45:24 on March 9, 2011 (JST). (a) UD-component acceleration
records in the 0.5–2 Hz band are shown. (b) Semblance, back-azimuth,
and horizontal slowness are shown from top to bottom.
4.2 Rupture propagation along the fault strike
Here, we investigate the rupture propagation for the
Tohoku-Oki earthquake by projecting the incident phases
back to a linear fault shown in Fig. 1(a) using only the back-
azimuths estimated from the semblance analysis. The linear
fault is assumed to be along a strike of 202◦, the same as the
northern subfault shown in Fig. 1(a), and is located on the
surface at the halfway point with respect to the fault width.
We measure a distance along the linear fault from the refer-
ence point where the linear fault intersects a line connecting
the Oshika array with the epicenter. We convert the back-
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Fig. 6. Rupture propagation along the fault strike obtained from the
projection to the linear fault. The horizontal axis is time, the same axis
as Fig. 3. The vertical axis is the distance along the linear fault. Positive
and negative distances correspond to the northeast and the southwest
from the reference near the epicenter, respectively. A slope on the plot
is proportional to the rupture velocity. For reference, 2 km/s and 4 km/s
are shown by thick lines.
azimuth, which is measured every 2.56 s, to the distance,
then plot the distance against time in Fig. 6.
The results suggest that the rupture during the Tohoku-
Oki earthquake consists of at least four stages. The rupture
propagated about 100 km in a northerly directions during
times between 30 s and 80 s and apparently accelerated at
times between 60 s and 80 s. The rupture seems to have
restarted near the origin between 80 s and 100 s, then de-
creased to −60 km in the next 30 s. This indicates that
the rupture propagated to the southwest off the Miyagi Pre-
fecture. Then, the rupture suddenly jumped to the farther
southwest at a time of 130 s. This jump implies that the
rupture took place off the southern Fukushima Prefecture.
And the rupture further extended to off Ibaraki Prefecture at
times between 130 s and 170 s. The rupture seems to have
mostly stayed at about −240 km at times between 180 s and
210 s.
We are reminded that additional information is necessary
to discuss the rupture propagation perpendicular to the fault
strike due to the linear projection. Acknowledging this re-
striction, we here make interpretations especially about the
ﬁrst and last stages of the rupture. Concerning the ﬁrst
stage, we cannot rule out the possibility that the rupture
propagated in the north or northeast directions. However,
the results can also be explained by the rupture propagat-
ing to the northwest off the Miyagi prefecture. We prefer
this interpretation because the apparent rupture acceleration
seen at 60–80 s can be naturally understood by the rupture
propagating in the northwest direction with an almost con-
stant velocity as a result of the projection. We also point
out that the northeastward rupture might not have gener-
ated strong ground motions as exempliﬁed in the previous
subsection by notably smaller amplitudes for the March 9
earthquake. As for the last stage, the negligible change of
back-azimuths around −240 km is unlikely to be the arrest
of the rupture, because high-frequency waves were still ob-
served for about 30 s. This apparent pause of the rupture can
be understood by rupture propagation further to the south,
parallel to the projection direction.
5. Conclusions
The Oshika array recorded strong ground motions from
the Tohoku-Oki earthquake, and the data has enabled us to
track the rupture propagation during the earthquake by sem-
blance analysis. According to the results, the rupture dur-
ing the Tohoku-Oki earthquake is considered to consist of at
least four stages. Rupture propagated in northerly directions
from the epicenter in the beginning 50 s forming the ﬁrst
burst, then proceeded to the southwest from around the epi-
center in the next 50 s during the second burst. The rupture
extended further southwestward in the following 40 s, and
ﬁnally migrated further south for about 30 s. Because no as-
sumptions have been made regarding the earthquake source
process, this is a direct observation of rupture propagation
during the earthquake. This study has demonstrated that a
small seismic array enables the observation of rupture prop-
agation during a large earthquake even with a small number
of stations.
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